D
NA bending by proteins appears to be the rule rather than the exception with the topological distortions ranging from tens of degrees to nearly 720°in the nucleosome core (1, 2) . Bending is important in DNA packaging and in regulating diverse cellular processes. The Escherichia coli integration host factor (IHF), discovered as a host protein required for lysogeny by bacteriophage , plays both of these roles (3, 4) . IHF is an excellent model system for analyzing the mechanism by which proteins bend DNA by virtue of its cellular functions, sequence specificity, tight binding, and robust protein-induced DNA bending ( Fig. 1 and refs. 5 and 6) . The studies of Sugimura and Crothers (7) and Ansari and coworkers (8) in a recent issue of PNAS directly follow the time evolution of DNA bending upon IHF binding to show that bending sequentially follows protein binding.
IHF is a member of a family of Eubacterial proteins that dramatically bend DNA. Although some family members are sequence nonspecific in their binding, IHF binds to specific DNA sequences with nanomolar affinity. DNA structure is important in site selection by all of the family members: DNA bends, nicks, and kinks facilitate binding (6, 10) . IHF is a 22-kDa heterodimer of two similar subunits that fold around one another to form a single, compact ''body'' from which two long ␤ ribbon ''arms'' extend ( Fig. 1) . The DNA and protein engage in a mutual embrace: the DNA wraps around the body of the protein whose arms in turn wrap around the minor groove of the DNA.
The IHF-induced DNA bend appears to be stabilized by two mechanisms. First, IHF lines the inside face of the DNA with positive charge, allowing bending by mutual repulsion of the phosphates on the outside face of the DNA. Second, the ␤ ribbon arms reach around to the outside of the complex, where the prolines at their tips intercalate between base pairs, compensating for the disruption in stacking present in the tight bend. The bound DNA entails three relatively straight segments separated by the two large kinks where the proline residues are intercalated.
The ''U-turn'' bend introduced by IHF brings sequences distant along the DNA duplex into spatial proximity (Fig.  1 ). This geometry consolidates signals in the primary sequence and could facilitate the cooperative binding of regulatory proteins by means of an ''indirect'' mechanism. Such a mechanism is observed between IHF and the gpNu1 subunit of terminase, the viral DNA packaging enzyme. IHF and gpNu1 bind to cos, the packaging initiation site of DNA (Fig. 2) . IHF-induced bending at the I1 site juxtaposes the two gpNu1 half-sites, facilitating binding. Conversely, binding of a gpNu1 dimer at R3 and R2 introduces a strong bend into the duplex at I1, facilitating IHF binding ( Fig. 2 and ref. 9 ). Cooperative binding of IHF and gpNu1 is thus mediated exclusively by each protein providing a ''prebent'' architecture without direct interaction. This example illustrates a general mechanism for the assembly of multicomponent nucleoprotein complexes.
Many factors contribute to the stability of IHF-DNA complexes, including relief of conformational strain by the deformability of dinucleotides (12) . The free energy of complex formation, including wrapping of the DNA around IHF, drives the DNA conformational change (11) (12) (13) . Thus, thermodynamic complexity underlies the elegant simplicity of the IHF-DNA complex. Complex reaction kinetics might be expected in light of the global and local structural changes induced in the DNA bound by IHF. Kinetic complexity was observed in time-resolved hydroxyl radical footprinting studies of the association and dissociation of IHF with its specific site on DNA (14) . Because hydroxyl radical footprinting monitors the solvent accessibility of the individual nucleotides on the DNA, the conclusion drawn from these studies, that the binding and bending of DNA by IHF is concerted, was inferred from the coincident timedependent changes in the protection of the three regions of the binding site occluded by IHF (Fig. 1) . Limitations of this study were the accessible time resolution and that DNA bending was inferred rather than measured.
The studies of Sugimura and Crothers (7) and Ansari and coworkers (8) overcome these limitations by directly following DNA bending using FRET with rapid mixing methods sufficient to isolate the unimolecular DNA bending reaction from the bimolecular association of protein with DNA. The sensitivity of FRET comes from the 1/r 6 dependence of the fluorescence quenching on the donor-acceptor distance (Fig. 3) . Most dye pairs have a critical distance of Ϸ50 Å and thus can measure distances of Յ100 Å. Another advantage of FRET is the rapid response essential for real-time measurements.
In stopped-flow mixing, reactant solutions are rapidly combined and observed (17) showing the protein subunits in pink (␤) and white (␣) and the intercalating prolines in yellow. The DNA is color-coded according to the solvent-accessible surface revealed by the hydroxyl radical footprint in solution (5, 14) : green, light blue, and dark blue indicate mild, moderate, and strong protection from cleavage, respectively, and yellow, orange, and red indicate mild, moderate, and strong enhancement of cleavage, respectively. Two segments of DNA from symmetry-related complexes within the crystal are included at the bottom to accommodate the full IHF footprint. The attachment positions for the donor and acceptor fluorophores are indicated by arrows. within 1 or 2 ms. When IHF was mixed with the labeled DNA duplex bearing its cognate site, the linear increase in reaction rate with protein concentration characteristic of a bimolecular reaction reached a plateau at high IHF concentrations (7) . This observation reveals a rate-limiting step in the IHF-DNA association reaction that is presumably submillisecond DNA bending. Further investigation of IHF-induced DNA bending was continued by using a FRET method with microsecond time resolution commensurate with the predicted DNA bending rate. The temperaturejump method uses absorption of nearinfrared short laser pulses by water to increase the temperature of medium by Ϸ10°C within picoseconds to nanoseconds. The perturbed system relaxes to the initial equilibrium at a rate dependent on the enthalpy difference between two states of the system; as much as 10 decades of time are accessible to the temperature-jump method. Because the FRET signal is a direct measure of the distance between the ends of the DNA, the relaxation rate reflects the bendingunbending dynamics of DNA bound to IHF. The rate of DNA relaxation measured by temperature jump is consistent with the rate measured by stopped-flow mixing at the high and limiting IHF concentrations, establishing the consistency of the two approaches (7, 8) . The conclusion drawn from these results is clear: formation of the IHF-DNA complex is a sequential two-step process with IHF binding followed by fast DNA bending.
Two sources of the energy necessary to transverse the activation barrier for IHF binding and bending are considered. One source is the local distortions of the DNA structure such as ''kinks'' and ''bubbles,'' which can be a consequence of the thermal f luctuations resulting in base-pair openings (7) . An alternative hypothesis follows from sequence-specific DNA ''bendability'' such as that shown for the complex of 434 repressor with DNA (15) and nucleosome assembly (16) . The alternative hypotheses are complementary, when the local distortion nucleates sequence-specific DNA bending and the final complex contains DNA either with the kinks as in the IHF-DNA complex (17) or without strongly localized distortion of the structure as in the nucleosome (1) .
During the formation of complexes of proteins and DNA, the pathway between the initial and a final states is an arena in which many nonspecific and one specific sequence compete for binding of the protein. Along this pathway, thermodynamically suboptimal but kinetically favorable complexes may be present. The characterization of reaction intermediates can yield fundamental insight into the molecular mechanisms underlying biological processes. Importantly, reaction intermediates provide potential targets for therapeutic intervention. Kinetic approaches exploiting real-time FRET registration illuminate the dynamics of protein-DNA complex formation and DNA bending. The studies of Sugimura and Crothers (7) and Ansari and coworkers (8) describing the kinetics of DNA binding and bending by IHF are a template for the analysis and interpretation of the many proteins that bend the DNA to which they bind to carry out their cellular function. The distance change designed into these experiments is ideal for the pair of fluorophores used and thus provides a robust measure of DNA bending. This representation does not include the additional DNA present when the substrate molecules were internally labeled. The discrimination of steps 1 and 2 is the seminal result of the studies by Sugimura and Crothers (7) and Ansari and coworkers (8) 
